Abstract: Al-and Y-Al-citric complexes have been synthesized in ethylene glycol medium at conditions close to the ones used in polymerized complex method and their composition and spectral characteristics have been studied. Proofs have been found for the formation in the bimetallic system of a mixed-metal Al-Y-complex. Doubly ionized and esterified ligands take place in the Al-complex. All of the ligands forming Y-Al-complex are mono-or doubly esterified. Deprotonation of the alcoholic group takes place in the formation of the mixed-metal complex. Both complexes contain adduct-bonded ethylene glycol. Heating of the bimetallic complex or of the polyester resin formed leads to not phase-homogeneous YAlO 3 -along with cubic YAlO 3 , its orthorhombic modification as well as Y 4 Al l2 O 9 are found by X-ray diffractometry.
Introduction
The polymerized complex method (PCM), a version of the sol-gel technology, is a convenient method for preparation of multicomponent compounds with good stoichiometry, phase homogeneity and perfect crystal structure obtained at relatively low temperature. The method is based on the formation of polymeric resin as a result of polyesterification * DTodorovsky@wmail.chem.uni-sofia.bg of metal complex(es) of a hydroxocarboxilic acid (most often citric, CA) with a polyvalent alcohol (ethylene glycol, EG). Upon heating, the desired product of the used metals is obtained.
In a series of papers the applicability of a new version of the PCM for preparation of powder materials and deposition of thin films was shown. Following the proposed approach, the complexes formed in EG-CA solution are isolated and heated for the final product formation. The usage of complexes instead of polyester resin (as in the common PCM) has some advantages: shorter production time and a decrease of the amount of the organic components in the precursor. The latter is rather important in some cases and special efforts in this direction have been made [1] . In the same time this approach preserves the main advantage of the PCM -ensuring the mixing of the metals at atomic level by bonding them in a molecule. Obviously, such a synthetic route could be fruitful if the metal components can form in EG-medium bi-or polymetallic complexes with the desired stoichiometry. The described approach proved to be successful in preparation of yttria-stabilized zirconia (YSZ) [2] [7] . The common solid-state synthesis of YAlO 3 is performed above 1600
• C but spontaneous formation of other phases is difficult to be suppressed [8] . Mechanochemically stimulated preparation has been realized after 24 h milling of the initial materials, followed with heating at 115
• C [9] . Successful synthesis by the PCM is reported in [10] . Aluminum isopropoxide and Y(CH 3 COO) 3 .4H 2 O have been used as metal sources. After 2 h heating under stirring at 130-140
• C the prepared polyester resin is heated for 2 h at 300
• C and for 4 h at 1150
• C. According to the authors if the stoichiometry of the initial product is strictly adjusted, a single phase is produced probably due to the formation of a mixed-metal complex in the initial sol. Similarly, a Ce-doped YAlO 3 is prepared using the same initial product or nitrates [11] .
A subject of this work is the verification of the above mentioned hypothesis [10] for a formation by PCM application of mixed-metal Al-Y-citric complexes, elucidation of their composition, spectral characteristics and thermochemical behavior and, respectively, their possible application as YAlO 3 precursors. In the same time, the Al-citrates are quite interesting from a very different point of view. Such citrates seem to play an important role in the prevention of the corrosion of Al-pigments [12] . Similar complexes, probably with glycolic acid formed in EG-water automotive engine coolants might be of significance for the corrosion of the modern Al-alloys made car engines. The synthetic method described earlier [13] was used: measured amounts of CA was dissolved in EG under stirring at 40
• C and the metal salts were added so mole ratios Al : CA : EG = 1 : 4,3 : 17,2 and Y : Al : CA : EG = 1 : 1 : 10 : 40 to be adjusted. The solutions were heated at 100
• C for 10 min (Al-system) or at 120 o C for 30 min (Y-Al one). The synthetic conditions, incl. mole ratios of the components were set to be as close as possible to the ones commonly used in the PCM. After heating, to the solutions (cooled to room temperature) acetone in great excess (10 times the solution volume) was added and the precipitated complexes were filtered, soaked in fresh acetone for 24 h, filtered, dried at room temperature and stored in tightly closed bottles.
Part of the Y-Al-solution (before the complexes desalting) was used for YAlO 3 production following the common PCM. It was heated for 6 h at 120
• C to the formation of polyester resin. The latter was burned at 300
• C and the obtained "black precursor" was ignited for 2-4 h at 1000
• C and 1150 • C.
Analysis
The content of H, C and N in the separated complexes was determined by the common organic analysis methods. No measurable amounts of nitrogen were detected. The metals content was determined complexometrically after mineralization of the complexes with conc. H 2 SO 4 and H 2 O 2 (30%). In an aliquot Al 3+ -ions were masked with sulphosalicilis acid and acetylaceton and Y 3+ were determined at pH = 6 and xylenolorange as an indicator. The sum of both metals was determined in another aliquot by a reverse titration with Zn 2+ at the same conditions [14] . IR -spectra (4000-400 cm −1 , KBr pellets) were recorded by a Spectra 75 spectrometer (Carl Zeis, Germany).
13 C-and 1 H-NMR spectra were taken at room temperature using a Bruker -250 MHz spectrometer with D 2 O as a solvent. X-ray powder diffractograms were recorded using Siemens (Germany) automatic powder diffractometer at CoK α radiation (40 kV, 40 mA, and a scan rate of 2θ 0.3/17 s) or by DRON diffractometer (former USSR) at CuK α radiation (40 kV, 30 mA, and a scan rate of 2θ 0.05/2 s). The morphology of the samples was evaluated by means of a scanning electron microscopy JEOL LSM 35CF. DTA, DTG and TG -curves of ∼ 0.2 g samples were recorded by a PaulicPaulic-Erdey derivatograph (MOM, Hungary) in a synthetic corundum crucible in a static air at a heating rate of 10
• C/min. The calibration for TG and DTA was made using
3 Results and discussion
Composition and chemical nature of the isolated complexes
The composition of the different batches of the isolated products varies in narrow limits due mainly to the variation in the degree of the ligand esterification. The content of H, C, metals and H 2 O (determined thermogravimetrically) is shown in Table 1 . The IR -and 1 H-and 13 C-NMR spectra are shown on Figs. 1-3. Their interpretation is based on the data reported in [13] [14] [15] [16] . The intensity ratios of the proton signals of the CH 2 groups in the EG and in the CA in the 1 H -NMR spectra of the samples permit the determination of the degree of the ligand esterification and of the content of the adduct-bonded EG. On the basis of these data the complexes can be described by the following formula: Table 1 and shows a satisfactory agreement between experimentally found and calculated amounts. 
The yttrium citric complexes have been studied and the following formula has been reported [15] :
The spectral data confirm the proposed formulae:
The broad band at 3400 cm −1 in the IR spectra ( Fig. 1) proves the presence of water. Its quantity was determined thermogravimetrically (see bellow in the text).
A shoulder at 1040 cm −1 (Fig. 1) as well as the peaks at 65-66 ppm in 13 C- (Fig. 2) and around 3.6 ppm in 1 H-NMR spectra (Fig. 3) are related to the groups of adduct-bonded EG [13, 15, 16] .
The resonance signals around 62 and 70 ppm (Fig. 2) and at 3.8 and 4.2 ppm (Fig. 3 ) Fig. 1 IR spectra of Y-Al-citric complex.
are assigned [13] to OCH 2 and HOCH 2 groups of EG forming an ester with CA. The higher intensity of 3.8 ppm peak, observed in YCit [15] show the presence of doubly esterified EG. Overlapped bands at 1195 and 1200 cm −1 (Fig. 1) confirm the presence of EG bonded as ester and adducts, respectively [16] .
The complexation process is proved by the absorption bands at 1600 cm −1 and 1380-1400 cm −1 . In some analogous citric complexes in the course of the complexation a deprotonation of the OH-group bonded to the central C-atom takes place [17] . In such a case, along with the shift at ∼76 ppm in the 13 C-spectrum (Fig. 2) due to the C-OH, a peak at 90-91 ppm appears from C-O − . In the systems studied in this work such a signal is presented in the spectrum of the bimetallic complex only.
The comparison of the main characteristics of the complexes (Table 2) suggests that the compound obtained from the polymetallic system could not be a simple mixture of the monometallic ones. The number of ligands per a metal atom, the average charge of the ligands, the degree of deprotonation and esterification are not the average values of the respective parameters of the individual complexes. The morphology of the YAlCit (Fig. 4) also suggests a phase -homogeneous substance and urged us to accept that a mixed-metal Y-Al -citric complexes are formed.
The data in Table 2 are in agreement with the affirmation made earlier [15] that during the heating of metal(s)-CA-EG system few concurrent processes take place: complexation, incl. through deprotonation of the OH-group of the citric ligand, esterification and adduct-formation. The complexing agent influences the complex composition not only by its oxidation state, but also through its catalytic activity on the esterification. Considering this activity it seems that a synergetic effect between Al 3+ and Y 3+ is observed (Table 2 ). When two metals are presented in the system and especially at high esterification degree of the ligands, not enough COO − groups are available for the formation of the mixed-metal complexes. The steric hindrance limits the possibility of compensation of the 
COO
− insufficiency by the increase of the ligand number. At such conditions the deprotonation may become an energetically advantageous process in spite of the uncommonly low pH value for such a process. A decrease of the system energy, when complexation is realizing with the participation of deprotonated OH-group is found in the analogous Ti-citrate [15] .
Thermochemical behavior
DTG, DTA and TG curves of the Al -and YAl -citrates are shown on Fig. 5 and some quantitative data are summarized in Table 3 . The thermal decomposition of the analogous Y-citrate has been studied [13] . Accounting the results on thermochemical behavior of other similar citric complexes (derived on the ground of thermal analysis and identification of a number of intermediates [18] [19] [20] , the following scheme of the decomposition processes of the studied complexes could be proposed.
The complexes are stable up to 50-60 • C. Their thermal decomposition starts with dehydration (stage 1 in Table 3 ) with an endoeffect. Two stages of the dehydration could be seen on DTG curves, suggesting a different bonding of water molecules -adsorbed, released to 120-150
• C and, probably, coordinated to the metal atoms and released up to 160-180
• C. The dehydration continuous as an intramolecular process (stage II) with a formation of double C=C bond and a partial transformation of the citrate in aconitate. In the YAlCit the crystal water is strongly bonded and the two types of dehydration are overlapped Above 220
• C adduct-and ester-bonded EG is released (stages III, IV). The decar- boxylation proceeds simultaneously with the deesterification (AlCit) or follows the latter (YAlCit). Between 350 and 520
• C decarbonilation takes place (stage V), followed by the complete destruction of the organic skeleton (stage VI). The rested carbon is burning (with a strong exoeffect) up to 560
• C (stage VII). The weak exoeffect, seen in DTA curve of YAlCit could be ascribed to the crystallization of the final product.
It is seen that the decomposition of both complexes proceeds in similar way, but the mixed-metal complex is a little more stable -all of the complex decomposition stages are shifted to the higher temperatures. The decomposition of the YAlCit could not be described as a simple superposition of the destructions of the both unimetal complexes (see also [18] ), thus confirming the mixed-metal nature of the bimetallic specie. The overall mass loss of AlCit matches well to the calculated one, supposing Al 2 O 3 to be final product. Some discrepancy, however, is observed in YAlCit case (Table 3) .
The final product of the heating of the latter complex is not phase-homogeneous (Fig. 6a, c, e) . Along with the cubic YAlO 3 , monoclinic Y 4 Al 2 O 9 is observed on the X-ray diffractograms of the samples, heated at 850
• C. The increase of the temperature of heating of the complex to 1000
• C and 1150
• C leads to some increase in the relative content of YAlO 3 (Table 4) , accompanied by the appearance of the orthorhombic and, probably, hexagonal YAlO 3 as well as other phase which could be interpreted as Y 3 Al 5 O 12 . Analogous results, with even lower YAlO 3 relative content, were obtained when the common PCM was followed and YAlO 3 was prepared by the heating of the polyester resin formed (Fig. 6b, d, f ; Table 4 ).
The latter facts show that the formation of phases with Y/Al mole ratio different from 1 could not be explained with stoichiometric distinctions between the YAl -species existing in the solution and the isolated complexes (in the latter the experimentally found Al/Y ratio is 1.18 ± 0,09). • C and 2.5 h at 1000
• C (a) or 1150
• C (c) or 850
• C (e); polyester resin, heated for 6 h at 300
• C and for 4 h at 1000 The phase diagram of the Y 2 O 3 -Al 2 O 3 system is reported in [1] . It is known that a temperature of YAlO 3 solid state synthesis depends on the number of factors, incl. dispersity, method of production and crystal structure of oxides and the homogeneity of their mixture. The interaction between Al 2 O 3 and Y 2 O 3 starts at 900
• C with the formation of Y 4 Al 2 O 9 in spite of the initial mixture composition due to the higher mobility of the Al 3+ -ions [7] . The formation of YAlO 3 starts at 1100
• C and of the Y 3 Al 5 O 12 at 1300
• C. The reaction rate is rather low and heating for 40 h at 1400
• C ensures 70% yield of YAlO 3 (by mass).
The X-ray data ( Fig. 6 e, f) show that the formation of YAlO 3 from YAl -mixed citrates starts bellow 900
• C. The weak exoeffect below 900
• C in DTA curve (Fig. 5b ) may be related to the crystallization of YAlO 3 . Similar decreasing of the temperature of YAlO 3 synthesis is observed when coprecipitated hydroxides are heated at 1500
• C by means of which phase homogeneous YAlO 3 is obtained [22] . In another case a metastable h-SmAlO 3 is obtained by heating of the respective citrates mixture at 750
• C [23] . Obviously the mixing of the Y 3+ and Al 3+ ions at atomic level (forming a molecule of YAl -citrate, as it is done in the present paper) leads to the formation of YAlO 3 with a relatively high yield at significantly lowered temperature (850
• C) at a short heating time. However at conditions mentioned the formation of Y 3 Al 5 O 12 also starts at much lower temperature and after heating above 1000
• C it is also available in the final product. It has to be assumed that at 850
• C heating some Al -rich X-ray amorphous phase is formed along with Y 4 Al 2 O 9 . Some metastable phases [23] or Al 2 O 3 (which is present in 1:1 Al 2 O 3 -Y 2 O 3 systems up to 1500
• C [7] ) can be considered. The crystallites size of the c-YAlO 3 is smaller than the one of the orthorhombic modification. The heating of the complex leads to production of smaller crystallites than the ones obtained by the common PCM (Table 4 ). The crystallites of Y 4 Al 2 O 9 are 15 -40 nm in size which increases with the heating temperature.
Conclusion
At conditions as close as possible to the ones, applied at PCM, citric complexes of Al and Y-Al were synthesized and their composition and spectral characteristics were determined. Comparing some of the main characteristics of the Y-, Al-and the bimetallic complexes, one can conclude that the latter is not a mixture of the individual complexes but has a mixed-metal nature.
As can be expected, by PCM YAlO 3 , Y 4 Al 2 O 9 and Y 3 Al 5 O 12 can be produced at much lower temperatures and shorter heating time in comparison with the methods of common solid state synthesis. However, the heating of the isolated Y-Al -complex and of the polyester resin obtained by the common PCM leads to non phase-homogeneous final product. Along with the different crystal modifications of YAlO 3 , Y 4 Al 2 O 9 and t-Y 3 Al 5 O 12 are formed. It seems that the relative content of the not-YAlO 3 phases decreases with the heating temperature increase suggesting that solid-state reactions taking place during the heating of precursors are in charge for the formation of different phases.
